The surface of indium tin oxide (ITO) in organic light emitting diodes (OLEDs) was treated using an atomic layer deposition with tetrakis(ethylmethylamino) hafnium (TEMAH) and O 2 precursors. The treatment for 5 cycles at room temperature resulted in a significant improvement in the electroluminescent characteristics resulting from the increased hole injection. According to the various characterizations, an ultra-thin HfO x layer without any insulating properties was formed, which modified the electronic band structure of the ITO anode. When the number of cycles or temperature was increased, an electrically insulating HfO x was formed, and the resulting OLED properties deteriorated. Recently, organic light emitting diodes (OLEDs) have attracted a great deal of interest for their potential application in the next generation of flat panel displays, due to their simple fabrication process, a wide view-angle, and low power consumption. [1] [2] [3] [4] [5] [6] [7] In fabricating OLED devices, indium tin oxide (ITO) film is widely used as an anode layer, because of its high transparency in the visible light range, low conductivity, and high work function ($4:8 eV).
Recently, organic light emitting diodes (OLEDs) have attracted a great deal of interest for their potential application in the next generation of flat panel displays, due to their simple fabrication process, a wide view-angle, and low power consumption. [1] [2] [3] [4] [5] [6] [7] In fabricating OLED devices, indium tin oxide (ITO) film is widely used as an anode layer, because of its high transparency in the visible light range, low conductivity, and high work function ($4:8 eV). [1] [2] [3] Among the many factors determining the performance of OLED devices, the interface between the organic hole transport layer (HTL) and the anode layer plays an important role in controlling the efficiency of the charge carrier injection into the emitting layer. 1, 2) The insertion of an organic interfacial layer such as CuPc or various thin insulating films such as WO 3 , NiO, SiO 2 , ZrO 2 , Ta 2 O 5 , and TiO 2 between the ITO anode and the HTL was found to improve the performance of the OLEDs. This performance improvement was explained by the energy level alignment or tunneling effect. [1] [2] [3] [4] [5] [6] [7] [8] In addition, the modification of the work function of the ITO surface was reported by doping it with Hf atoms using a co-sputtering technique or inserting a conducting oxide layer, i.e., IrO x , which increased the work function of the ITO surface through surface dipole formation. 9, 10) Although many thin-film deposition techniques, such as sputtering or chemical vapor deposition, have been used to obtain an ultra-thin interfacial layer between the HTL and the anode, these methods are not suitable for obtaining a high quality ultra-thin interfacial layer with a sub-nm range thickness. Recently, atomic layer chemical vapor deposition (ALCVD) has been widely used in many application areas which require precise thickness controllability and low structural defects. This is because the ALCVD process is based on surface adsorption-and saturation-controlled deposition kinetics. 11, 12) In this paper, we describe our investigation of the effects of the ALCVD treatment on the ITO surface on the electrical properties of an OLED device. The ALCVD treatment was performed both at room temperature (RT) and at various temperatures up to the typical HfO 2 deposition temperature (300 C) using tetrakis(ethylmethylamino) hafnium (TEMAH; Hf[N(CH 3 )C 2 H 5 ] 4 ) as the precursor. The binding and molecular structure of the HfO x layer formed on the ITO surface were analyzed by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy.
ITO (150 nm)-coated glass with a sheet resistance of 20 /Ã was used as a substrate for the fabrication of the OLED device. First, the ITO glass was cleaned successively in ultrasonic baths of trichloroethylene, acetone, and methanol. After sonicating the ITO glass in deionized water, the samples were dried by blowing them with high purity N 2 gas. For the surface modification of the ITO, some of the samples were treated with various ALCVD process conditions using TEMAH as an Hf precursor and O 2 as an oxidizer, respectively. For the ALCVD treatment, each cycle was composed of four steps as follows. First, a mixture of TEMAH and Ar carrier gas (300 sccm) was introduced into the vacuum chamber for 10 s. The chamber was purged by flowing Ar (150 sccm) for 5 s. For the formation of the HfO x layer, oxygen gas (300 sccm) was flowed for 5 s, and the resulting by-products or remnant gases were completely removed by the subsequent purging step using an Ar (150 sccm) gas for 5 s. The ITO substrates were treated in an ALCVD system for various number of cycles (3 to 30 cycles) from RT to 300 C. After various treatments,
0 -diamine (TPD; 32 nm), tris-(8-hydroxyquinoline) aluminum (Alq 3 ; 48 nm), lithium fluoride (LiF; 0.5 nm), and Al (90 nm) were deposited as an HTL, an emissive material layer (EML), a cathode interfacial layer, and a cathode, respectively, as depicted in the inset of Fig. 1(a) .
Following the OLED fabrication, the current densityvoltage (J-V) characteristics of the OLED devices were measured using a Keithley 2400 electrometer and their brightness was evaluated by measuring the photocurrent using a Keithley 485 picoammeter. The capacitance characteristics were measured using an LF 4192A impedance analyzer at an applied voltage of 0 V with an AC frequency of 50 Hz. In order to investigate the chemical bonding structure of the HfO x -treated ITO surface, some of the ITO samples, with the various HfO x treatments without TPD, Alq 3 , LiF, and Al layer, were analyzed by XPS and NEXAFS. The XPS measurement was performed using a VG Microtech ESCA-2000 system having a Mg K source, and NEXAFS measurements were carried out using a thirdgeneration synchrotron radiation source located at the Pohang Accelerator Laboratory (beamline 8Al).
The current density, brightness, and power efficiency curves for the different treatment conditions on the ITO surfaces are shown in Figs. 1 and 2. In this study, the OLED without any treatment was referred to as a control sample. Compared to the control sample without any treatment, the sample treated for 5 cycles at RT, which was referred to as RT-5C, exhibited significantly improved OLED performance, i.e., a decrease in turn-on voltage as depicted in the inset of Fig. 1(a) and an increase in brightness. Because of the high current flow and subsequent increase in brightness mainly originating from the increased hole injection efficiency from the ITO anode into the organic layer, 13) we believe that the 5 cycle treatment at RT by the ALCVD process is an effective method of improving hole injection efficiency. However, when the number of ALCVD cycles was increased at RT, the turn-on voltage increased and the brightness decreased as compared to the control sample as shown in Fig. 1 . This is believed to be caused by the formation of an insulating layer and the consequent retardation of the hole injection. The power efficiency characteristics of the OLEDs, as a function of the current density, are also shown in Fig. 1(c) . The efficiency of the RT-5C sample, compared to that of the OLEDs without any treatment, slightly increased and showed a saturating behavior with an increase of current density, which is desirable for passive matrix displays. 14) However, when the deposition cycles were increased, the power efficiency of OLEDs was reduced as an decrease of the current density. With the increase of the deposition temperature, the electrical and optical characteristics of the OLEDs showed similar or worse performance when compared to the control sample as a function of deposition cycles as shown in Fig. 2 , which is also believed to be caused by the formation of an insulating layer with the increase of the deposition temperature. Figure 3 shows the capacitance versus frequency (C-f ) characteristics and Cole-Cole plots of the OLEDs prepared with different surface treatments on the ITO substrates, respectively. As shown in Fig. 3(a) , the RT-5C sample exhibited the highest capacitance among the fabricated OLED devices, which also confirmed that it has the highest hole injection efficiency into the HTL, because the capacitance depends on the amount of charge injection into the organic layer from the electrodes. 13) However, in the case of the RT-30C and 300T-30C samples, the capacitance values were decreased, because of the formation of a thicker carrier injection barrier, as revealed by the previously mentioned OLED device characteristics shown in Figs. 1 and 2 . The equivalent circuit of the OLED can be described as depicted in the inset of Fig. 3(b) , consisting of a single parallel resistance (bulk resistance, R p ) and capacitor (bulk capacitance, C p ) network with a series resistance (contact resistance, R s ).
15) The horizontal and vertical axes of the Cole-Cole plots represents the real (Y 0 ) and imaginary (Y 00 ) parts of the total admittance of the OLED device, respectively. These values can be calculated from the following complex admittance equation.
where Y is the admittance, Z is the impedance, G is the conductance, B is the susceptance, and C is the capacitance. 16 ) The values of R s extracted from the Cole-Cole plots of the control, RT-5C, RT-30C, and 300T-30C samples are 85.0, 65.7, 150.4, and 297.9 , respectively. The sample whose ITO surface was subjected to 5 cycles of the ALCVDHfO x process at RT exhibited a lower series resistance than the control sample without any treatment, because of the improvement of the hole injection efficiency between the organic layer and the ITO anode, which is in good agreement with the previously observed improvement of the current flow and brightness. It means that the interface property between the ITO and TPD layer was improved because of the HfO x treatment, resulting in the improved device performance. Therefore, we believe that the performance enhancement of HfO x treated OLEDs for 5 cycles at RT as an optimized condition, was due to the improvement of the interface property between the ITO and TPD layer considering its lowest contact resistance compared with other devices and/or the increase of ITO work function by a metal oxide with high dipole moment. However, when the number of cycles and process temperature were increased, the total capacitance decreased and the series resistance increased, because of the formation of a thick insulating HfO x barrier layer.
In order to investigate the chemical bonding status of the HfO x layer, XPS measurements were performed on the ITO substrates after the various HfO x treatments, as shown in Fig. 4(a) . For all the samples, the Hf 4d peaks exhibited two distinctive components, viz. Hf 4d 3=2 and Hf 4d 5=2 , with binding energies of 224 and 213 eV, respectively, which corresponds to Hf-O bonding formation. 17) Recently, NEXAFS measurement has been reported as one of the best methods of studying the electrical properties and orientation of the molecules in organic films. 18) In order to investigate the molecular structure of the HfO x films in more detail, the NEXAFS spectra of the O K edge were obtained, as shown in Fig. 4(b) . The peaks at 535.5, 533.5, and 529.2 eV correspond to the SnO 2 , In 2 O 3 , and SnO 2 +In 2 O 3 phases in the ITO film, respectively. 19) Although the RT-5C sample showed the existence of HfO x according to the XPS measurements, the NEXAFS spectra of the O K edge was not changed as compared with that of the ITO film without any surface treatment and the peak caused by the electronic structure of the O K edge representing unoccupied hybridized orbitals of HfO 2 was not detected. This indicates that the typical electronic structure of HfO 2 as an insulator was not formed in the adsorbed Hf layer on ITO. In summarizing the XPS, NEXAFS, and electrical results, we believe that the Hf precursor chemically adsorbed on the ITO surface formed Hf-O bonding with the subsequent oxygen injection during the ALCVD process and additional air exposure during the sample transfer. In addition, the Hf precursor formed Hf-O bonding having a high dipole moment with the underlying ITO network, and the subsequent bias-induced realignment of the anode Fermi level and highest occupied molecular orbital (HOMO) of the HTL lowered the band offset with the top HTL by modifying the work function of the ITO surface. However, the existence of the ultra-thin HfO x layer did not retard the hole injection from the anode due to the tunneling effect. When the number of cycles or deposition temperature was increased, the peaks caused by the unoccupied hybridized orbitals of Hf and O appeared in the lower photon energy range, which confirmed the formation of an electrically insulating HfO x layer. The O K edge NEXAFS spectra of the 300T-30C sample were directly related to the oxygen p-projected density of states of ITO overlapped with that of HfO 2 , which consists of the four unoccupied hybridized orbitals, Hf 5d þ O 2p, Hf 5d þ O 2p, Hf 6s þ O 2p, and Hf 6p þ O 2p of the HfO 2 film.
18) The formation of an physically thick insulating HfO x layer between the anode and HTL, as confirmed by the NEXAFS measurement, significantly deteriorated the OLED performance, as previously shown in Figs. 1 and 2 .
In summary, we investigated the electrical and optical characteristics of OLEDs fabricated with TEMAH treated ITO substrates using an ALCVD process. By treating the ITO substrate with TEMAH using an ALD process for 5 cycles at RT, the turn-on voltage and electroluminescent characteristics were significantly improved, because of the modification of the work function of the ITO surface and the resulting enhancement of the hole injection efficiency as compared to the OLED without any surface treatment. According to the XPS and NEXAFS measurements, we believed that one or two layers of HfO x were formed on the ITO surface, without exhibiting any insulating properties because of the hole tunneling effect. When the number of deposition cycles or deposition temperature was increased, insulating HfO x films were deposited and the OLED performance was severely deteriorated because of the thick carrier injection barrier. 
